We study the phase transition from nuclear matter to quark matter within the SU (3) quark mean field model and NJL model. The SU (3) quark mean field model is used to give the equation of state for nuclear matter, while the equation of state for color superconducting quark matter is calculated within the NJL model. It is found that at low temperature, the phase transition from nuclear to color superconducting quark matter will take place when the density is of order 2.5ρ 0 -5ρ 0 . At zero density, the quark phase will appear when the temperature is larger than about 148 MeV. The phase transition from nuclear matter to quark matter is always first order, whereas the transition between color superconducting quark matter and normal quark matter is second order. PACS number(s): 21.65.+f; 25.75.Nq; 12.38.Mh; 
I. Introduction
Hadronic matter is expected to undergo a phase transition to quark matter at high temperature and/or high baryon density. Quark matter may exist in the core of neutron star where the density is high or it may be produced in the laboratory in heavy ion collisions. In quark matter, the presence of a weak interaction between quarks will result in the formation of a condensate of quark pairs. Pairs of quarks cannot be color singlets, and in QCD with two flavors of massless quarks, the Cooper pairs favor the formation of a color3, flavor singlet condensate. The color superconductivity of quark matter has been discussed in many literatures (see for example [1] - [4] and references therein).
The phase diagram for chiral symmetry restoration, including possible color superconductivity, for quark matter containing just u and d quarks, was discussed in Refs. [5, 6] , where a rich phase structure was obtained. It was shown that at high temperature, chiral symmetry was restored via a second-order phase transition. At low temperature, the phase transition was first order and at this time, a new phase with a condensate of Cooper pairs appeared. However, we should notice that this phase transition is not a transition from hadronic matter to quark matter but a transition from chiral symmetry breaking quark matter to chiral symmetry restored quark matter. We know that in the real world, there is no quark matter at low density and temperature. The chiral symmetry breaking quark matter should be replaced by hadronic matter. Therefore, when studying the phase diagram, the equations of state (EOS) of hadronic matter are needed.
To study the properties of hadronic matter we need phenomenological models, since QCD cannot yet be used directly. The symmetries of QCD can be used to constrain the hadronic interactions and models based on SU(2) L × SU(2) R symmetry and scale invariance have been proposed. These effective models have been widely used to investigate nuclear matter and finite nuclei, both at zero and at finite temperature [7] - [9] . Papazoglou et al. extended the chiral effective models to SU(3) L × SU(3) R , including the baryon octet [10, 11] . As well as models based on hadronic degrees of freedom, there are others based on quark degrees of freedom, such as the quark meson coupling model [12, 13] , the cloudy bag model [14] , the Nambu-Jona-Lasinio (NJL) model [15] and the quark mean field model [16] , etc.. Several years ago, a chiral SU(3) quark mean field model based on quark degrees of freedom was proposed by Wang et al. [17, 18] . In this model, quarks are confined in the baryons by an effective potential. The quark-meson interaction and meson self-interaction are based on SU(3) chiral symmetry. Through the mechanism of spontaneous symmetry breaking the resulting constituent quarks and mesons (except for the pseudoscalars) obtain masses. The introduction of an explicit symmetry breaking term in the meson self-interaction generates the masses of the pseudoscalar mesons, which satisfy the relevant PCAC relations. The explicit symmetry breaking term in the quark-meson interaction gives reasonable hyperon potentials in hadronic matter. This chiral SU(3) quark mean field model has been applied to investigate nuclear matter [19] , strange hadronic matter [17] , finite nuclei, hypernuclei [18] , and quark matter [20] . Recently, we improved the chiral SU(3) quark mean field model by using a microscopically justified treatment of the center of mass correction [21] . This new treatment has been applied to the study of the liquid-gas phase transition of asymmetric nuclear matter as well as strange hadronic matter [22, 23] . By and large the results are in reasonable agreement with existing experimental data.
As we know, the phase transition between hadronic matter and quark matter can only occur at high density or temperature. As the density grows, one expects that the nucleons will begin to overlap. This is expected to be a source of short distance repulsion and correlations. Such effects are also encountered in atomic physics and a method of estimating the effect was introduced in Ref. [24] . This was later applied in the context of dense nuclear matter by [25] and we also use this method to estimate the importance of the effect. As we will show later, this procedure generates a repulsive interaction between the nucleons and increases their chemical potentials in nuclear matter.
In this paper, we study the phase transition from nuclear matter to quark matter. The effect of nucleon finite size is considered in nuclear matter and color superconductivity is discussed in quark matter. The paper is organized in the following way. Section II sets out the formalism of the NJL model which is applied to describe quark matter. In section III we introduce the SU(3) quark mean field model which is used to describe nuclear matter -although in this work only the non-strange sector of the model is required. The effect of finite nucleon size is discussed in this section. The numerical results are presented in section IV. Section V is the summary.
II. NJL model
In order to study the color superconductivity of quark matter, we choose the NJL model, within which it is simple to incorporate the diquark condensate in the Lagrangian. The Lagrangian density for the SU(2) NJL model [26] can be written as
where M is the current mass matrix of the u and d quarks, τ a (a = 1 − 3) are the Pauli matrices. B ′ is the parameter which will give a reasonable bag constant, B, in quark matter.
In order to describe the diquark condensate, the interaction of the color3 fermion bilinears should be added. This four-fermion interaction can be written as
where C denotes the charge conjugation matrix. In the above equations, G 1 and G 2 are the coupling constants.
From the above Lagrangian, the thermodynamic potential Ω, which determines the field equations can be obtained. It is convenience to introduce bosonic collective fields into the functional integral to make the four fermion interaction into a fermion-boson coupling. We follow Ref. [5] to employ a Hubbard-Stratonovich transformation, in which the collective fields are introduced into the functional integral by inserting the following identities
The quadratic terms in equations (3) and (4) cancel the original four-fermion interaction.
As a result, the four-fermion interaction is cast into a Yukawa interaction between fermions and collective fields and a mass term for the collective fields. The fermionic fields then appear only quadratically and can be integrated out exactly, leaving an effective action for the bosonic collective fields alone. Having done the Gaussian integral for the fermions, the thermodynamic potential Ω q reads
Disregarding the γ matrix, the matrix of the last term of the above equation is 12 × 12. ∆ q is a 6 × 6 matrix whose matrix elements are (∆ q ) iα,jβ = Cγ 5 ∆ q ε ij ε 3αβ , where i, j are flavor indices and α, β are color indices.
The thermodynamic potential can be obtained by using imaginary time Green function method, with p 0 = (2n + 1)π/β (β=1/T). After performing the sums of the Matsubara frequences, the thermodynamic potential Ω is written as
where
The quark condensate ψ ψ is related to φ via φ = −2G 1 ψ ψ .
In the four fermion interaction, form factors are not included [5] . Following Ref. [6] , we introduce a cutoff, Λ q to regulate the above integral. After minimizing the thermodynamic potential with respect to φ and ∆, the following gap equations can be obtained.
where n F (E τ ) andn F (E τ ) are the quark and anti-quark distributions, respectively, expressed
The function
From the thermodynamic potential Ω, the pressure and quark density can be obtained as
In the chiral limit, the current quark mass m u0 =m d0 = 0. In this case, equation (8) the system cannot be in the quark phase but in the hadronic phase. Therefore, we need to replace the EOS for chiral symmetry breaking quark matter by that for hadronic matter.
III. Nuclear matter
For hadronic matter it is possible to work from the quark level, as in the quark meson coupling model or even in the NJL model. However, in the NJL model it is essential to incorporate the effect of confinement (for example through proper time regularization) in order to avoid a chiral collapse [15] . In the present work we adopt the more common hybrid approach and use the SU(3) quark mean field model in the hadronic phase. In that model the total effective Lagrangian is written:
where L q0 =q iγ µ ∂ µ q is the free part for massless quarks. The quark-meson interaction L qM can be written in a chiral SU(3) invariant way as
In the mean field approximation, the chiral-invariant scalar meson L ΣΣ and vector meson L V V self-interaction terms are written as
where δ = 6/33; σ 0 , ζ 0 and χ 0 are the vacuum expectation values of the corresponding mean fields σ, ζ and χ.
The Lagrangian L χSB generates nonvanishing masses for the pseudoscalar mesons
leading to a nonvanishing divergence of the axial currents which in turn satisfy the partial conserved axial-vector current (PCAC) relations for π and K mesons. Pseudoscalar, scalar mesons and also the dilaton field χ obtain mass terms by spontaneous breaking of chiral symmetry in the Lagrangian (16) . The masses of u, d and s quarks are generated by the vacuum expectation values of the two scalar mesons σ and ζ. 
where α = γ 0 γ, β = γ 0 , the subscripts i and j denote the quark i (i = u, d, s) in a baryon of type j (j = N, Λ, Σ, Ξ). The quark mass m * i and energy e * i are defined as
and
where e i is the energy of the quark under the influence of the meson mean fields. The effective baryon mass can be written as
where n ij is the number of quarks with flavor "i" in a baryon j and E 0 j is adjusted to give a best fit to the free baryon mass.
Based on the previously defined quark mean field model the Lagrangian density for nuclear matter is written as
The 
At finite temperature and density, the thermodynamic potential is defined as
where E *
The quantity ν N is related to the usual chemical potential, 
In the above equation, n N (k) andn N (k) are the nucleon and antinucleon distributions, respectively, expressed as
andn
In the vacuum, the thermodynamic potential can have another solution where σ = 0, ζ = 0 and χ = 0. The energy difference of these two kinds of vacua is
It is interesting that the calculated value ∆E is close to the bag constant of quark matter.
The numerical values of ∆E are listed in Table II. In the same way, the equations for the vector mesons, ω and ρ, can be obtained:
where ρ p and ρ n are the proton and neutron densities, expressed as
In nuclear matter, when the density is high, the volume of the nucleon is important.
The nucleon cannot be treated as a point-like particle. The excluded volume effect has been considered in Ref. [25] . The key point is that the pressure of a system with excluded volume is the same as that of a point particle system, p H (T,μ), if the chemical potentials of these two systems have the following relationship
where v 0 is the volume of a nucleon. p B (T,μ) is the pressure generated by baryons, i.e.
The baryon density, entropy density and the energy density of the system (without meson contribution) are given by the usual thermodynamic expressions.
We find the following relations:
When the effect of the finite volume of the nucleon is included, the scalar density, ψ ψ , in equation (26) becomes
The phase transition from hadronic matter to quark matter is determined by the following conditions:
We should mention that at finite temperature, gluons make an important contribution to the pressure of quark matter. The gluon contribution to the pressure of quark matter is expressed as
IV. Numerical results
In the NJL model, Λ q is chosen to obtain the quark condensate= −250 MeV. G 1 is determined by the bold quark mass in vacuum m q = 350 MeV. There is some uncertainty in the coupling constant G 2 . The instanton interaction suggests G 2 /G 1 = 1/2, while in
Ref. [5] , this ratio is 3/4. In our calculations we choose G 2 /G 1 = 0.6, which is close to that of Ref. [6] . The parameter B ′ is determined by choosing the bag constant of quark matter to be 209MeV, i.e. p Q (m * q = 0, µ q = 0) = −(209MeV) 4 . The numerical values of these three parameters are: Λ q = 634.7 MeV, G 1 =5.6 GeV −2 and (B ′ ) 1/4 = 605.7 MeV.
As for the nuclear matter phase, the parameters in the Lagrangian, which are shown in Table I , are determined by the saturation properties and the meson masses in vacuum. The corresponding nuclear matter properties and scalar meson masses are listed in Table II .
In Fig. 1 we plot the nonzero solutions for the effective quark mass and energy gap versus baryon density at zero temperature. From the figure, one can see that the effective quark mass decreases continuously to zero with the increasing density. The energy gap also changes continuously with the density. However, at low temperature, the effective quark mass cannot decrease to zero continuously, as shown in Fig. 1 zero, the nuclear matter will turn into quark matter at temperature T = 148 MeV. At low temperature, the phase transition from nuclear matter to color superconducting quark matter will take place when the nucleon chemical potential, µ N , is about 1.5 -1.7 GeV.
Figs. 9 and 10 show the T − ρ phase diagram for R = 0.6 fm and 0.75 fm, respectively.
Since the phase transition is of first order, the densities of nuclear matter and quark matter are different. There is a coexistence state, M, in the figures. For the case of R = 0.6 fm, at zero temperature, when the nuclear density is about 0.76 fm −3 , quark matter starts to appear with density around 1.17 fm −3 . For the case R = 0.75 fm, the corresponding densities of nuclear matter and quark matter are 0.44 fm −3 and 0.85 fm −3 . From our calculation, we conclude that at low temperature, when the nuclear density is of order 2.5ρ 0 -5ρ 0 , where ρ 0 is the saturation density of symmetric nuclear matter, there will be a phase transition.
Since the phase transition between color superconducting quark matter and normal quark matter is of second order, the density remains the same during the phase transition.
In our calculation, most parameters are fixed by well known physical quantities. Besides the nucleon radius R, there is only one parameter, the bag constant, which will sensitively affect the transition density and temperature. We discuss how the bag constant affects the transition temperature at zero baryon density. From the Fig. 11 , one can see that with increasing temperature, the pressure of nuclear matter at zero baryon density increases very slowly. Until the temperature is around 180 MeV, the pressure remains low. However, for quark matter, the pressure increases very fast when the temperature is larger than about 90 MeV. This is because the quark mass is much smaller than the nucleon mass. If the bag constant lies in the range 180 < B 1/4 < 230 MeV, the transition temperature at zero baryon density is in the range 130 < T < 170 MeV. In other words, if the transition temperature is about 150 MeV the bag constant will be around (210 MeV) 4 which means that our choice of bag constant is reasonable.
V. Summary
We have investigated the phase transition from nuclear matter to quark matter. The SU(3) quark mean field model, including nucleon volume effects, has been applied to get the EOS of nuclear matter. Color superconducting quark matter has also been studied, using the NJL model. The parameters in the models are determined by well known physical quantities. We now summarize the main results.
1. The phase transition between nuclear matter and quark matter is of first order. There is no critical temperature above which the phase transition is of second order. The so called second order phase transition is a transition from chiral symmetry breaking quark matter to chiral symmetry restored quark matter. However, in the real world, at low density or temperature, there is no chiral symmetry breaking quark matter, but rather one has nuclear matter. Therefore, the phase transition from nuclear matter to quark matter is always a first order transition, since the EOS of nuclear and quark matter are different.
2. The effects of the finite volume of the nucleon are very important, especially at high density. The volume effects generate a strong repulsive interaction between the nucleons and increase their chemical potentials. The transition density is sensitive to the nucleon radius.
In our numerical calculations, we chose R = 0.6 fm and 0.75 fm. At low temperature, when the nuclear density is of order 2.5ρ 0 -5ρ 0 , the color superconducting quark phase will appear with a density 0.4 fm −3 larger than that of nuclear matter.
3. Besides the nucleon radius, the phase transition is also sensitive to the bag constant B.
If the bag constant is in the range 180 MeV < B 1/4 < 240 MeV, the transition temperature will be 130 MeV < T < 170 MeV. The bag constant B can be explained as the energy difference, ∆E, between two kinds of vacua. In the SU(3) quark mean field model, the calculated ∆E is reasonable, giving a transition temperature around 150 MeV.
4. At low temperature, when the density increases, the nuclear matter will always turn into color superconducting quark matter. When the temperature is larger than about 52
MeV, the superconductivity phase disappears. The transition from normal quark matter to color superconducting quark matter is of second order, while the transition from nuclear matter to quark matter is of first order. 
TABLES
R (fm) ρ 0 (fm −3 ) E/A (MeV) M * N /M N K (MeV) (∆E) 1/4 (MeV) m σ (MeV) m ζ (MeV) 0
